Novel photoactive nano-filtration modules composed of a nano-particle TiO 2 loaded polyvinyl alcohol (PVA) nano-fibrous membrane on sponge Al 2 O 3 scaffolds and concentric multi-layered Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composites were successfully prepared using the electro-spinning method, which was also used to load TiO 2 into the PVA nano-fiber. The diameter of the PVA-TiO 2 nano-fibers was approximately 200 nm. Nano-particle TiO 2 with a highly crystalline structure at a ratio of 50% were well-dispersed in the PVA nano-fibrous material. In addition, the PVA-TiO 2 membrane was found in the crystallize structure. Methyl Orange (MO) was degraded and became discolored after 5 h of oxidation by the nano-filtration membranes under UV irradiation. Sponge Al 2 O 3 scaffolds and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composites were successfully coated with PVA-50%TiO 2 fibers with the goal of fabricating a novel nano-filtration membrane.
Introduction
Nano-fibrous media with diameters ranging from submicrons to a few nanometers have recently gained significant attention in a wide range of filtration applications due to their low basis weight, high permeability, small pore size, high specific surface area and high pore interconnectivity. 1) Therefore, several techniques have been used to introduce a nano-fibrous structure in filtering media. Among these approaches, the electro-spinning technique has been shown to be a convenient method to produce nano-fibrous media for filtration because of its ability to fabricate a wide range of porous structures from various fibrous materials. [1] [2] [3] [4] [5] Moreover, in the case of commercial air filtration applications, polymeric nano-fibers have been successfully used because of their submicron fiber sizes, which provide better filter efficiency. 3, 6) Among the polymeric nano-fibers examined, polyvinyl alcohol (PVA) has extensive applications in air filtration, the textile industry and paper coating due to its flexibility and good chemical and thermal stability. [4] [5] [6] [7] [8] [9] In addition, the PVA membrane has a higher filtration efficiency because of its nano fiber diameter. 4) On the other hand, TiO 2 nano-particles, which have high photocatalytic efficiency, are usually used as a powder in solution. However, the catalysts should be separated from the purified water after treatment. To address this problem, a photocatalytic membrane reactor has been developed using various membrane preparation techniques. [10] [11] [12] To obtain the maximum practical filtration using electro-spun TiO 2 loaded PVA, several factors should be taken into consideration. In this regard, it is worth noting that the high surface porosity of the electrospun nano-fibrous scaffold will lead to a high-fouling problem and weak mechanical properties. These problems can be mitigated by using a substrate system that has a high mechanical strength. Al 2 O 3 and ZrO 2 ceramics have been extensively used in industrial materials as wear-resistance components, chemical resistance components and environment filter due to their good corrosion resistance, excellent chemical and thermal stability, and outstanding mechanical properties. 13) In our previous study, highly porous Al 2 O 3 scaffolds and microchanneled Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composites were successfully fabricated using a sponge replica and multiextrusion process. 14, 15) In this study, a new type of nanofilter module consisting of a thin layered electro-spun PVA50%TiO 2 and Al 2 O 3 and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 substrates was developed. Using the electro-spinning technique for in-situ coating, spongy Al 2 O 3 scaffolds and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composites were coated with the PVA50%TiO 2 fibers. In addition, the photocatalytic activity of the PVA-50%TiO 2 on the sponge Al 2 O 3 (PTi-1) scaffolds and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 (PTi-2) composites was investigated as a function of TiO 2 concentration by measuring the decomposition of methyl orange (MO).
Materials and Methods

Materials and electro-spinning setting
99+% hydrolyzed poly(vinyl alcohol), PVA, with a number average Mw of 115 000 g/mol was obtained from Aldrich Chemical Co (USA). TiO 2 nano-particles were prepared using the sol-gel process.
16) Nano-scale primary particles of TiO 2 , ranging from 15 to 30 nm in diameter, were dispersed in an aqueous solution at a concentration of 46.52 m 2 /g as determined by BET. TiO 2 nano-particles contained both rutile and anatase crystals.
Aqueous PVA solutions (12 wt/v%) were prepared by dissolving in deionizer (DI) water at 80 C with constant stirring for at least 3 h. TiO 2 nano-particles at 50% (PVA50TiO 2 ) (w/w between TiO 2 and PVA concentration in DI) were dispersed in DI water for 1 h and then poured into a PVA solution to obtain a PVA-TiO 2 solution.
The electro-spinning (eS-robot, Electro-spinning/Spray system) solutions were placed into a 10 ml syringe that was fitted to a needle with a tip diameter of 25 gauges (inner diameter 0.25 mm). A syringe pump (lure-lock type, Korea) was used to control the feed rates, and a grounded cylindrical stainless steel mandrel was used to collect the membranes. The electro-spinning voltage was supplied directly using a high DC voltage power supply (NNC-30 kilovolts-2 mA portable type, Korea). A piece of aluminum foil, which was used as the collector, was located 10 cm from the capillary tip. The electrostatic field was controlled at 25 kV and electro-spinning was performed at room temperature.
The starting powders were Al 2 O 3 (AKP-50, 300 nm, Sumimoto, Japan), monoclinic Zirconia (m-ZrO 2 ) (TZ-0Y, 80 nm, Tosoh, Japan), and tetragonal Zirconia (t-ZrO 2 ) (TZ-3Y, 80 nm, Tosoh, Japan). The Al 2 O 3 scaffold was fabricated using the sponge replica method 15) and concentric multilayered Al 2 O 3 -ZrO 2 composite was obtained using the multipass extrusion process as described previously. 14)
Characterization techniques
The morphology of the materials was examined by scanning electron microscopy (SEM, JSM-7401F) and transmission electron microscopy (TEM) (JEM2010, JEOL, Japan). A small section of the fiber mat was placed on the SEM sample holder and sputter coated with platinum (Cressington 108 Auto). An accelerating voltage of 15 kV was used to acquire the SEM images. The crystal structures of the PVA-50TiO 2 composite polymer membranes were subjected to XRD (Rigaku, D/MAX-2500V) using CuK radiation generated at 40 kV and 200 mA. The diffraction angle was varied from 10 to 80 2.
Photocatalytic performance and characterization of
PTi-1 and PTi-2 The photocatalytic activity was investigated by measuring the decomposition of MO, which is a target pollutant. PTi-1 and PTi-2 were placed in DI containing a MO solution (10 mg/l) in Pyrex beakers. A 40 W medium-pressure mercury lamp, which emitted light at wavelengths ranging from 250390 nm, was used as the UV irradiation source. To determine the decomposition rate of MO, an UV-visible spectrometer (HP8453, Hewlett Packard, USA) was used to measure the absorption of methyl orange from 200 to 700 nm. Figure 1 shows the SEM images of the PVA nano-fiber, TiO 2 nano-particles and 50% TiO 2 loaded in the PVA nanofibers. As shown in Fig. 1(c) , the TiO 2 nano-particles were successfully loaded onto the surface of the PVA fibers and were dispersed linearly along the direction of the fiber. In addition, the TiO 2 nano-particles were evenly distributed throughout the PVA nano-fibrous matrix. TiO 2 nano-particles, which display photocatalytic activity, were loaded on the surface of the PVA nano-fibrous in order to produce a novel nano-membrane. The content of TiO 2 in the PVA nano-fibers was 50%, which may have enough photocatalytic activity for filtration. In addition, the diameter of the PVA50TiO 2 fiber was approximately 200 nm and the structure had a high porosity. As a result, the PVA-50%TiO 2 membrane was suitable for use in filtration application. From the SEM images ( Fig. 1) , it appeared that between the front line fibers, the pore size ranged from 1 to 5 micrometer. This was because the non-woven distribution of the fibers gradually decreased the size of the membrane pore. This kind of microstructure would be highly important for air and water purification processes since it can effectively entrap micro and nano-sized dust particles, such as viruses and bacteria. X-ray diffraction measurements were performed to examine the crystalline structure of the PVA-50TiO 2 composite polymer membrane. Figure 2 shows the XRD patterns of the PVA-50%TiO 2 composite membrane. PVA nano-fibers of higher molecular weight had a superior crystalline property with a prominent peak around 19 2. As can be clearly seen in Fig. 2 , TiO 2 in all of the PVA-TiO 2 composite polymer membranes had both an anatase and rutile structure. Strong anatase peaks at 25. 2 , 37.8 , 48.0 , 53.9 , 62.7 and a few rutile peaks were clearly observed in Fig. 2 . This result confirmed that the PVA nanofibers loaded with the TiO 2 nano-particles retained their crystalline structure even in the high electrostatic field used during electro-spinning.
Results and Discussion
TEM and HRTEM were used to image the internal microstructure of the electro-spun PVA-50TiO 2 composite membrane. As shown in Fig. 3(a) , the diameter of the PVA50%TiO 2 fiber was approximately 200 nm and TiO 2 nanoparticles were well dispersed throughout the surface of the PVA nano-fiber. The electron diffraction pattern, which was taken from the center of the PVA nano-fibers, confirmed that the TiO 2 nano-particles were dispersed in a random orientation. Based on the HRTEM analysis (Fig. 3(b) ), lattice TiO 2 nano-particles with a highly crystalline structure and diameter of approximately 1015 nm were clearly observed. When the solution was ejected from the nozzle, which was connected to the positive electrode of the high-voltage power supply, the jet took a positive charge and both the surface of the fibers and TiO 2 nano-particles within the fibers became positively charged. Consequently, the positively charged TiO 2 nano-particles were repulsed by the positive charges on the surface of the fibers and aggregated in the middle of the fibers. Furthermore, the high electric field induced the polarization and orientation of the TiO 2 nano-particles; thus, the TiO 2 nano-particles became embedded in and aligned along the direction of the fiber.
Although electro-spun PVA-TiO 2 was shown to be an effective filter, the high surface porosity of the electrospun nano-fibrous scaffold will lead to a high-fouling problem and weak mechanical properties. Therefore, a new nanofiltration composite membrane containing a thin layer of electro-spun PVA-50%TiO 2 and ceramic substrate was developed. By using electro-spinning, sponge Al 2 O 3 scaffolds and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composites were coated in situ with PVA50%TiO 2 fibers. The results are shown in Fig. 4 and Fig. 5 . As shown in Fig. 4 , the sponge Al 2 O 3 scaffold contained interconnected pores and the pore sizes ranged from 80 mm to 300 mm. The pore size, morphology and degree of interconnectivity are important factors that influence potential applications in filtration.
A nano-filtration module was successfully prepared by coating a thin electro-spun PVA-50%TiO 2 layer on a microchanneled Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 support with fine pores (180200 mm in diameter) (Fig. 5) . Due to the hollow structure, the Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composite allowed for selective permeation of small molecules, which is relatively impermeable and dense. Membranes that allow fluxes typically consist of a thin electro-spun layer on a highly permeable support.
We investigated the surfaces of the PVA-50%TiO 2 , PTi-1 and PTi-2 after exposure to UV light in a MO aqueous solution. The concentration of the MO solution as a function of time for the different surfaces is shown in Fig. 6 . These results of these experiments show that about 95% of MO was degraded and discolored by electro-spun PVA-50%TiO 2 after 5 h, while the MO concentration remained 20% when incubated with the PTi-1 and PTi-2 photocatalytic surfaces. When the PVA-50% TiO 2 membranes were used both sides were exposed to the solution. In contrast, the MO solution degraded only one side of the PTi-1 and PTi-2 surfaces; the face side containing the electro-spun PVA-50%TiO 2 . The other side of the electro-spun PTi-1 and PTi-2 contained the sponge Al 2 O 3 scaffolds and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composites, respectively. That was why only one side of the PTi-1 and PTi-2 membranes had photocatalytic activity. It is worth mentioning that the photocatalytic activity of the PTi-1 and PTi-2 surfaces was lower than the electro-spun PVA-50%TiO 2 membrane. However, the electro-spun PVA50%TiO 2 remained firmly attached to the sponge Al 2 O 3 scaffold and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 after photocatalytic oxidation on MO, indicating that the PTi-1 and PTi-2 structure was stable, which is important for nano-filtration applications.
Conclusions
A new approach was developed by combining the electrospinning method with the sponge replica method and multipass extrusion process for the fabrication of a photoactive nano-filtration membrane. The method is based on the connective properties of PVA-TiO 2 nano-fibers, which have the ability to attach without difficulty to the rough surface of the sponge Al 2 O 3 and Al 2 O 3 -(m-ZrO 2 )/t-ZrO 2 composite. The nano-filtration membranes composed of the electro-spun polymer and ceramic substrate displayed photocatalytic oxidation when attached. Others filtration membranes that combined the electro-spun polymer and ceramic substrate can be obtained by applying this method.
